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Abstract6
In this paper, theoretical study is carried out to investigate the general 3D short-crested7
wave interaction with a concentric two-cylinder system. The interior cylinder is imperme-8
able and the exterior cylinder is thin in thickness and porous to protect the interior cylinder.9
Both cylinders are surface-piercing and bottom mounted. Analytical solution is derived10
based on the linear potential theory. The effects of the wide range wave parameters and11
structure configuration including porosity of the exterior cylinder and the annular spacing12
on the wave forces, surface elevations and the diffracted wave contours are examined.13
Key words: short-crested wave, wave diffraction, vertical cylinder14
1 Introduction15
Porous layers are often constructed to protect coastal and offshore structures from16
the direct wave impact. Such porous structures, for instance, rock-filled porous17
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breakwaters outside harbours, concentric porous outer protective structure with the18
main structure in its interior, are very effective in reducing both the transmitted19
and reflected wave heights, as well as hydrodynamic forces acting on the protected20
structures. One example of these applications in offshore engineering is the suc-21
cessful Ekofisk gravity offshore structure in the North Sea (see Fig. 1). For these22
reasons, wave motion through a porous structure has attracted considerable atten-23
tion among researchers in coastal and ocean engineering (e.g., [1]).24
[Fig. 1 about here.]25
Taylor [2] showed that for the fluid flow passing through the porous boundary, it is26
normally assumed that the pressure difference between the two sides of the porous27
boundary is proportional to either (a) the square of the flow velocity perpendicular28
to the boundary, or (b) the flow velocity perpendicular to the boundary depending29
on the configuration or material of the porous wall and relevant parameters. It is30
commonly accepted in the study of flow in porous media that wire gauze and per-31
forated sheets have approximately the property of (a) (e.g., [3, 4]), while materials32
with very fine pores have properties more like (b) (e.g., [5–7]).33
In addition to the porous wavemaker theory of Chwang [5] and subsequent works,34
investigations on waves past a porous structure are primarily been concentrated35
on the hydrodynamic effects of a porous structure on the incoming wave trains,36
or wave impact on porous structures as a breakwater in a harbour (e.g., [6–8]). In37
most cases, Darcy’s law for a homogeneous porous medium has been applied. Yu38
and Chwang [6] investigated the resonance in a harbour with porous breakwaters39
with the wave entering at an arbitrary angle. Yu and Chwang [7] performed ex-40
tensive study on the transmission characteristics of waves past a porous structure.41
The wave behaviour within the porous medium was also investigated. It was found42
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that there is an optimum thickness for a porous structure beyond which any further43
increase of the thickness may not lead to an appreciable improvement in reducing44
its transmission and reflection characteristics. Wang and Ren [9] also studied the45
performance of a flexible and porous breakwater. Additional related work can be46
found in the review article of Chwang and Chan [8].47
Though considerable research efforts have been devoted to the wave interaction48
with porous structures, relatively limited attention has been focused on the wave49
diffraction by a concentric bottom-mounted porous cylindrical structure, where the50
interior cylinder is impermeable and the exterior cylinder is thin and porous. Wang51
and Ren [10] investigated analytically the plane wave diffraction by the above-52
mentioned system. They found that hydrodynamic forces on the interior cylinder53
as well as wave amplitudes around the windward side of the interior cylinder are54
reduced when compared to the case of a direct wave impact on the interior cylinder.55
As the annular spacing increases, the hydrodynamic force on the interior cylinder56
decreases. It was further shown that, as the porosity of the exterior cylinder in-57
creases, the hydrodynamic force on the interior cylinder increases. Li et al. [11]58
reported similar results from their experimental and numerical study with only par-59
tial porosity in the circumferential direction of the exterior cylinder. Darwiche et60
al. [12] also studied the wave diffraction by a two-cylinder system, with the exte-61
rior cylinder being porous only in the vicinity of free surface. Williams and Li [13]62
further extended the work by mounting the interior cylinder on a storage tank.63
The aforementioned studies on ocean surface wave interaction with a vertical porous64
cylindrical structure are generally two-dimensional. In reality, however, the ocean65
waves are more complex, and better described by three-dimensional short-crested66
waves. They also commonly arise, for example, from the oblique interaction of two67
travelling plane waves or intersecting swell waves, from the reflection of waves at68
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non-normal incident off a vertical seawall, as well as from diffraction about the sur-69
face boundaries of a structure of finite length. Such waves are of paramount impor-70
tance in coastal and offshore engineering design. Unlike the plane waves propagat-71
ing in a single direction, and the standing waves fluctuating vertically in a confined72
region, short-crested waves can be doubly periodic in two horizontal directions, one73
in the direction of propagation and the other normal to it [14].74
Theoretical analysis on short-crested wave interaction with a vertical cylinder can75
be found in [15–17]. Zhu [15] presented an analytic solution to the diffraction prob-76
lem for a circular cylinder in short-crested waves using linear potential wave theory77
and found that the pressure distribution and wave run-up on the cylinder were quite78
different from those of plane incident waves. Their patterns become very complex79
as ka (i.e., total incident wave number k times cylinder radius a) becomes large.80
The hydrodynamic forces on the cylinder become smaller as the short-crestedness81
of the incident waves increases. Subsequently, Zhu and Moule [16] observed that82
the hydrodynamic force induced by short-crested waves varies with the phase angle83
perpendicular to the direction of wave propagation. Later, Zhu and Satravaha [17]84
extended the study and provided an analytical solution for the velocity potential up85
to the second-order of wave amplitude.86
In this paper, analytical solutions are derived to study the short-crested wave inter-87
action with a concentric porous cylindrical structure in a quantitative manner. It is88
demonstrated that the analytical method adopted here can investigate the effects of89
parameters promptly and effectively. Detailed results are presented and discussed90
on wave forces and surface elevations over a broad range of incident short-crested91
wave parameters as well as structure configurations including the porosity of the92
exterior cylinder and the annular gap between the two cylinders. Special attention93
is paid to the influences of both wave parameters and system configuration on the94
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wave patterns in the interior domain.95
2 Theoretical Formulation96
2.1 Governing equations and boundary conditions97
In this section, we present the mathematical derivation for a general case of 3D98
short-crested wave interaction with a concentric porous cylinder system. The solu-99
tions for the 2D limiting cases, i.e., a plane incident wave and a standing wave, can100
be instantly recovered by letting ky = 0 and kx = 0 respectively.101
Consider a monochromatic short-crested wave train propagating in the direction of102
the positive x axis. A structure consisting of two concentric fixed circular cylinders103
extend from the sea bottom to above the free surface of the ocean along z axis. The104
origin is placed at the centre of the cylinders on the mean water surface (see Fig. 2).105
The exterior cylinder is made porous and the interior cylinder is impermeable. The106
whole fluid region is divided into two regions, the annular region Ω1 and the region107
of the outside of the exterior cylinder Ω2. The following notation have been used in108
the paper: Φj = total velocity potential, Φ
I = velocity potential of incident wave,109
ΦS = velocity potential of scattered wave, k = total wave number, kx = wave110
number in x direction, ky = wave number in y direction, ω = wave frequency,111
h = water depth, A = amplitude of incident wave, a = interior cylinder radius,112
b = exterior cylinder radius, t = time, ρ = mass density of water, and g = gravi-113
tational acceleration. The subscripts j(j = 1, 2) denote the physical parameters in114
the region Ωj(j = 1, 2).115
[Fig. 2 about here.]116
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By assuming that the fluid is inviscid and incompressible, and the flow is irrota-117
tional, the fluid motion can be described by a velocity potential Φj , which satisfies118
the Laplace equation119
∇2Φj = 0 in Ωj, (1)
subject to the combined linearised free surface boundary condition120
Φj,tt + gΦj,z = 0 at z = 0, (2)
and the bottom condition121
Φj,z = 0 at z = −h, (3)
where the comma in the subscript designates partial derivative with respect to the122
variable following it.123
The total velocity potential in region Ω2 can be expressed by the summation of the124
incident and scattered wave velocity potentials125
Φ2 = Φ
I
2 + Φ
S
2 in Ω2, (4)
where ΦI2 and Φ
S
2 also satisfy (1)-(3).126
The velocity potential of the linear short-crested incident wave travelling princi-127
pally in the positive x direction is given by the real part of [18]128
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ΦI2 = −
igA
ω
f(z, h)ei(kxx−ωt) cos(kyy) in Ω2, (5)
where129
f(z, h) =
cosh k(z + h)
cosh kh
. (6)
The term f(z, h) leads to the sea bottom condition being automatically satisfied,130
while the linearised free surface boundary condition is satisfied using the following131
dispersion relationship132
ω2 = gk tanh kh. (7)
Assuming that the exterior cylinder is made of fine pores, then the porous flow133
velocity is linearly proportional to the pressure difference between the two sides of134
the porous boundary, thus the boundary condition on exterior porous cylinder can135
be expressed as [5]136
Φ1,r = Φ2,r = iG0k(Φ1 − Φ2) on r = b, (8)
where G0 =
ρωd
µ
, is a measure of the porous effect, µ is the coefficient of dynamic137
viscosity, d is a material constant having the dimension of length. Two special cases138
corresponding to the two limiting values of the porous effect parameter are:G0 = 0139
represents that the boundary is a solid wall, andG0 = +∞ indicates that the bound-140
ary is totally transparent. For typical offshore porous structures,G0 is normally less141
than 2.0. More detailed analysis on determination of G0 value for permeable struc-142
tures can be found in [19].143
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The function ΦS2 in Ω2 is governed by the Laplace equation (1) with the boundary144
conditions (2) and (3), the boundary condition at the interface of fluid and porous145
cylinder at r = b, and the radiation condition at infinity, namely, the Sommerfeld146
condition as follows:147
ΦS2,r = iG0k(Φ1 − ΦS2 − ΦI2)− ΦI2,r on r = b, (9)
lim
kr→∞
(kr)1/2
(
ΦS2,r − ikΦS2
)
= 0 in Ω2, (10)
where r is the radial axis, and i =
√−1.148
The function Φ1 in Ω1 is governed by the Laplace equation (1) with the boundary149
conditions (2) and (3), and the boundary conditions at the interface of fluid and150
interior solid cylinder at r = a and exterior porous cylinder at r = b:151
Φ1,r = 0 on r = a, (11)
Φ1,r = iG0k(Φ1 − ΦS2 − ΦI2) on r = b. (12)
These constitute two sets of the governing equation and boundary conditions for152
the diffraction of short-crested waves by concentric vertical porous cylinder system,153
corresponding to boundary-value problems in a bounded domain and an unbounded154
domain respectively. After obtainingΦS2 ,Φ2 andΦ1 by solving the above boundary-155
value problems, all the physical quantities including the fluid particle velocity, free156
surface elevation and the dynamic pressure can be calculated respectively from157
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vj = ∇Φj, (13)
ηj =
iω
g
Φj|z=0,t=0, (14)
pj = −ρΦj,t. (15)
2.2 Analytical solution158
The incident wave potential (5) can be written in the cylindrical coordinates as159
ΦI2 = −
igA
ω
f(z, h)e−iωt
[
+∞∑
m=0
εmi
mJm(kxr) cos(mθ)
] [
+∞∑
n=0
εnJ2n(kyr) cos(2nθ)
]
,
(16)
where160
εm =


1 for m = 0
2 for m 6= 0
, (17)
and Jm and J2n are the Bessel function of the first kind of the mth and 2nth order161
respectively.162
Splitting the product of the two trigonometric functions, (16) becomes163
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ΦI2 = −
igA
2ω
f(z, h)e−iωt
+∞∑
m=0
+∞∑
n=0
εmεni
mJm(kxr)J2n(kyr)
· [cos(m + 2n)θ + cos(m− 2n)θ] .
(18)
The Laplace equation (1) in cylindrical polar coordinates is164
1
r
∂
∂r
(
r
∂Φ
∂r
)
+
1
r2
∂2Φ
∂θ2
+
∂2Φ
∂z2
= 0. (19)
The eigensolutions corresponding to the real and the imaginary eigenvalues can be165
written as [20]166


H(1)m (kr)
H(2)m (kr)




cos(mθ)
sin(mθ)


f0(z), m = 0, 1, 2, 3, . . . (20)


Im(knr)
Km(knr)




cos(mθ)
sin(mθ)


fn(z), n = 1, 2, 3, . . . (21)
where H(1)m and H
(2)
m are the Hankel functions of the first and second kind, and Im167
andKm are the modified Bessel functions of the first and second kind, respectively.168
k (wave number) and kn are the real and imaginary eigenvalues of dispersion rela-169
tionship (7) respectively, and f0 and fn are the real and imaginary eigenfunctions170
of dispersion relationship (7) respectively.171
Considering the form of incident wave potential (18) and boundary conditions, the172
evanescent waves do not exist in the present problem (See [6] and [15]). Only the173
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eigensolution (20) is needed to construct the solution forms in this paper.174
The solution of the scattered velocity potential in region Ω2 (Φ
S
2 ) can be con-175
structed by the following expression [15], which satisfies the Laplace equation (1)176
and boundary conditions (2), (3), and the Sommerfeld radiation condition (10)177
ΦS2 =
igA
2ω
f(z, h)e−iωt
+∞∑
m=0
+∞∑
n=0
εmεni
m
[
A(1)mnHm+2n(kr) cos(m + 2n)θ + A
(2)
mnH|m−2n|(kr) cos(m− 2n)θ
]
,
(22)
where A(1)mn and A
(2)
mn are unknown complex coefficients, Hm+2n and H|m−2n| are178
the Hankel functions of the first kind.179
Noting the definition H(1)m (z) = Jm(z) + iYm(z) and H
(2)
m (z) = Jm(z) − iYm(z)180
(Ym(z) are the Bessel functions of the second kind) and the forms of velocity po-181
tential in (18) and (22), the solution of the velocity potential in the annular region182
Ω1 is constructed as183
Φ1 =− igA
2ω
f(z, h)e−iωt
+∞∑
m=0
+∞∑
n=0
εmεni
m
{[
B(1)mnJm+2n(kr) + B
(2)
mnYm+2n(kr)
]
cos(m + 2n)θ
+
[
B(3)mnJ|m−2n|(kr) + B
(4)
mnY|m−2n|(kr)
]
cos(m− 2n)θ
}
,
(23)
where B(1)mn, B
(2)
mn, B
(3)
mn and B
(4)
mn are unknown complex coefficients, Ym+2n and184
Y|m−2n| are the Bessel functions of the second kind. Substituting (18), (22) and (23)185
into the body boundary conditions (9), (11) and (12), we have186
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B(1)mnJ
′
m+2n(ka) + B
(2)
mnY
′
m+2n(ka) = 0, (24)
B(3)mnJ
′
|m−2n|(ka) + B
(4)
mnY
′
|m−2n|(ka) = 0, (25)
k
[
B(1)mnJ
′
m+2n(kb) + B
(2)
mnY
′
m+2n(kb)
]
=kxJ
′
m(kxb)J2n(kyb) + kyJm(kxb)J
′
2n(kyb)− kA(1)mnH ′m+2n(kb) (26)
=iG0k
[
B(1)mnJm+2n(kb) + B
(2)
mnYm+2n(kb)− Jm(kxb)J2n(kyb) + A(1)mnHm+2n(kb)
]
,
k
[
B(3)mnJ
′
|m−2n|(kb) + B
(4)
mnY
′
|m−2n|(kb)
]
=kxJ
′
m(kxb)J2n(kyb) + kyJm(kxb)J
′
2n(kyb)− kA(2)mnH ′|m−2n|(kb) (27)
=iG0k
[
B(3)mnJ|m−2n|(kb) + B
(4)
mnY|m−2n|(kb)− Jm(kxb)J2n(kyb) + A(2)mnH|m−2n|(kb)
]
.
All the unknown coefficients B(1)mn, B
(2)
mn, B
(3)
mn, B
(4)
mn, A
(1)
mn, and A
(2)
mn are obtained187
explicitly by solving (24)-(27) as188
B(1)mn = (C
(1)
mn + C
(2)
mn)/C
(3)
mn, (28)
B(2)mn = B
(1)
mn · αmn, (29)
B(3)mn = (D
(1)
mn + D
(2)
mn)/D
(3)
mn, (30)
B(4)mn = B
(3)
mn · βmn, (31)
A(1)mn = C
(4)
mn ·B(1)mn + C(1)mn, (32)
A(2)mn = D
(4)
mn ·B(3)mn + D(1)mn, (33)
where189
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αmn = −J
′
m+2n(ka)
Y ′m+2n(ka)
, (34)
βmn = −
J ′|m−2n|(ka)
Y ′|m−2n|(ka)
, (35)
and190
C(1)mn =
kxJ
′
m(kxb)J2n(kyb) + kyJm(kxb)J
′
2n(kyb)
kH ′m+2n(kb)
, (36)
C(2)mn =−
Jm(kxb)J2n(kyb)
Hm+2n(kb)
, (37)
C(3)mn =
[
1
H ′m+2n(kb)
+
1
iG0Hm+2n(kb)
] [
J ′m+2n(kb) + αmnY
′
m+2n(kb)
]
− Jm+2n(kb) + αmnYm+2n(kb)
Hm+2n(kb)
, (38)
C(4)mn =−
J ′m+2n(kb) + αmnY
′
m+2n(kb)
H ′m+2n(kb)
, (39)
D(1)mn =
kxJ
′
m(kxb)J2n(kyb) + kyJm(kxb)J
′
2n(kyb)
kH ′|m−2n|(kb)
, (40)
D(2)mn =−
Jm(kxb)J2n(kyb)
H|m−2n|(kb)
, (41)
D(3)mn =

 1
H ′|m−2n|(kb)
+
1
iG0H|m−2n|(kb)

 [J ′|m−2n|(kb) + βmnY ′|m−2n|(kb)]
− J|m−2n|(kb) + βmnY|m−2n|(kb)
H|m−2n|(kb)
, (42)
D(4)mn =−
J ′|m−2n|(kb) + βmnY
′
|m−2n|(kb)
H ′|m−2n|(kb)
. (43)
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2.3 Special cases191
In this section, the present analytic derivation and solution technique described192
above are validated via comparisons with existing results reported by other re-193
searchers on wave-structure interaction for various combinations of incident (plane194
and short-crested) waves and structure configurations.195
2.3.1 Short-crested wave interaction with a hollow porous cylinder196
For the limiting case of short-crested wave interaction with a hollow porous cylin-197
der (i.e., a = 0), αmn = βmn = 0, thus all terms containing αmn and βmn vanish198
from the solution, i.e.199
B(2)mn = B
(4)
mn = 0. (44)
2.3.2 Short-crested wave interaction with a solid cylinder200
For the limiting case of short-crested wave interaction with a solid cylinder (i.e.,201
a = 0, and G0 = 0), αmn = βmn = 0 and C
(3)
mn=D
(3)
mn →∞, thus202
B(1)mn = B
(2)
mn = B
(3)
mn = B
(4)
mn = 0, (45)
A(1)mn = C
(1)
mn, A
(2)
mn = D
(1)
mn. (46)
ThereforeΦ1 = 0 indicating there is no wave in the inner regionΩ1 and the solution203
of ΦS2 is exactly the same as equation (19) given in [15].204
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2.3.3 Plane wave interaction with a concentric porous cylindrical structure205
For the limiting case of a plane wave interaction with a concentric porous cylindri-206
cal structure (i.e., ky = 0 and k = kx), J0(kyb) = 1, J2n(kyb) = 0 (n = 1, 2, 3 · · · ),207
and J ′2n(kyb) = 0 (n = 0, 1, 2 · · · ), thus coefficients A(1)mn, A(2)mn, B(1)mn, B(2)mn, B(3)mn,208
B(4)mn (n 6= 0) vanish and the series in (22) and (23) change from double series to209
single series. The remaining coefficients can be simplified as210
αm0 = βm0 =− J
′
m(ka)
Y ′m(ka)
, (47)
C
(1)
m0 = D
(1)
m0 =
J ′m(kb)
H ′m(kb)
, (48)
C
(2)
m0 = D
(2)
m0 =−
Jm(kb)
Hm(kb)
, (49)
C
(3)
m0 = D
(3)
m0 =−
H ′m(kb)Sm +
2iG0
pikbH′
m
(ka)
iG0Hm(kb)H ′m(kb)Y
′
m(ka)
, (50)
C
(4)
m0 = D
(4)
m0 =
Sm
H ′m(kb)Y
′
m(ka)
, (51)
where Sm = J
′
m(ka)Y
′
m(kb)− J ′m(kb)Y ′m(ka).211
Then the coefficients B(1)mn, B
(2)
mn, B
(3)
mn, B
(4)
mn, A
(1)
mn, and A
(2)
mn are solved as212
B
(1)
m0 = B
(3)
m0 =−
2G0
pikb
Y ′m(ka)
Tm
, (52)
B
(2)
m0 = B
(4)
m0 =
2G0
pikb
J ′m(ka)
Tm
, (53)
A
(1)
m0 = A
(2)
m0 =
J ′m(kb)Sm +
2iG0
pikb
J ′m(ka)
Tm
, (54)
where Tm = H
′
m(kb)Sm +
2iG0
pikb
H ′m(ka).213
The solutions of Φ1 and Φ
S
2 are now exactly the same as equations (16) and (13)214
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in [10]. It is noted that theWronskian identity Jm(z)Y
′
m(z)−Ym(z)J ′m(z) = 2/(piz)215
and equation Hm(z) = Jm(z) + iYm(z) are used in the above simplification.216
2.3.4 Plane wave interaction with a hollow porous cylinder217
The solution for the limiting case of plane wave interaction with a hollow porous218
cylinder (i.e., ky = 0, k = kx and a = 0), is obtained by simply taking the limit of219
(52)-(54) as a → 0, the coefficients become220
B
(1)
m0 = B
(3)
m0 =
2G0
pikb
H ′m(kb)J
′
m(kb) +
2G0
pikb
, (55)
B
(2)
m0 = B
(4)
m0 =0, (56)
A
(1)
m0 = A
(2)
m0 =
[J ′m(kb)]
2
H ′m(kb)J
′
m(kb) +
2G0
pikb
. (57)
These coefficients are exactly the same as in equations (24)-(26) reported in [10]221
considering the different sign of ΦS2 .222
2.4 Physical properties223
All the other physical properties of engineering interest including velocity, surface224
elevation, and pressure can now be determined based on the velocity potentials by225
(13)-(15). The total force, per unit height in the direction of wave propagation is226
dFx
dz
= −R
∫ 2pi
0
p · cos(θ)dθ = P (kx, ky, k, R) · ρgAR · f(z, h)e−iωt, (58)
where227
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P (kx, ky, k, R) = −2pii
[
P0(kx, ky, k, R) +
+∞∑
n=0
Pn(kx, ky, k, R)
]
, (59)
P0(kx, ky, k, a) = B
(1)
1,0J1(ka) + B
(2)
1,0Y1(ka), (60)
Pn(kx, ky, k, a) = (−1)n[(B(3)2n+1,n−B(3)2n−1,n)J1(ka)+(B(4)2n+1,n−B(4)2n−1,n)Y1(ka)],
(61)
P0(kx, ky, k, b) = J1(kxb)J0(kyb)−A(1)1,0H1(kb)−B(1)1,0J1(kb)−B(2)1,0Y1(kb), (62)
Pn(kx, ky, k, b) =(−1)n
{
[J2n+1(kxb)− J2n−1(kxb)]J2n(kyb)− (A(2)2n+1,n − A(2)2n−1,n)H1(kb)
−[(B(3)2n+1,n −B(3)2n−1,n)J1(kb) + (B(4)2n+1,n −B(4)2n−1,n)Y1(kb)]
}
,
(63)
where the function P (kx, ky, k, R) is a dimensionless parameter of
dFx
dz
without the228
term ρgAR · f(z, h)e−iωt and R denotes the radii of the cylinders (a or b).229
The inertia coefficientCM and linear drag coefficientCD per unit height are defined230
as [20]231
Re
(
dFx
dz
)
= ρpiR2
(
CM U˙ + ωCDU
)
, (64)
where U is the velocity of the incident waves at the origin of the cylinder in its232
absence.233
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From (5), (58) and (64), we have234
CM = − Pi
pikxR
, CD =
Pr
pikxR
, (65)
where Pr and Pi are the real and imaginary parts of P (kx, ky, k, R) respectively.235
It can be concluded from (65) that, the total force without the term ρgAR·f(z, h)e−iωt236
is237
|P | = pikxR
√
C2M + C
2
D. (66)
3 Results and discussion238
3.1 Influence of the porosity of the exterior cylinder239
The wave force exerted on the interior and exterior cylinders for the exterior cylin-240
der of different porosity (G0) is calculated and results are presented in Figs. 3 and241
4 respectively, where ka = 1 and b/a = 4. Four cases of incident waves with in-242
creasing short-crestedness are presented in the figures: (1) kxa = 1, kya = 0; (2)243
kxa = 0.8, kya = 0.6; (3) kxa = kya =
√
2/2; and (4) kxa = 0.6, kya = 0.8. It can244
be seen that, as porous parameter G0 increases, the total nondimensional horizontal245
force on the interior cylinder increases monotonically while the total force on the246
exterior cylinder decreases monotonically. The variation in forces is slow at higher247
G0, and appeared to approach their asymptotic values in each case respectively.248
[Fig. 3 about here.]249
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[Fig. 4 about here.]250
The influence of the porous-effect parameter G0 on linear wave runups is shown in251
Figs. 5 - 7 with radii ratio of b/a = 4 and kxa = kya =
√
2/2. Three cases of the252
exterior cylinder with different porous parameter G0 = 1/2, 1 and 2 are presented253
in the figures. In the annular region Ω1, it is clearly seen that the linear wave runups254
increase on both the interior cylinder and exterior cylinder as G0 increases except255
in the lee side region of the exterior cylinder (about [−pi/6, pi/6]) where η/A to be256
insensitive to G0, showing that the higher porosity of the exterior cylinder clearly257
results in higher wave transmission into the inner region (Figs. 5 and 6). On the258
outer unbounded region Ω2, however, no uniform clear trend on the linear wave259
runup on the exterior cylinder is observed. Instead the linear wave runup tends to260
increase with the increasing porosity in the lee side of the exterior cylinder while it261
appears to decrease as G0 increases near the front of the cylinder (Fig. 7).262
[Fig. 5 about here.]263
[Fig. 6 about here.]264
[Fig. 7 about here.]265
3.2 Influence of annular spacing266
The effect of the annular spacing between the cylinders is investigated and the267
results are presented in terms of the nondimensional total force variation on the268
ratio a/b in Figs. 8 and 9 for a given kxb. The wave number ratio representing269
the short-crestedness ky/kx is ranged from 0 to 1 with an interval of 0.2. For a270
fixed nondimensional radius of the exterior cylinder kxb, Fig. 8 shows lower wave271
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force on the interior cylinder with smaller kxa when the annular spacing is large (or272
small a/b). Also, the nondimensional total horizontal force on the interior cylinder273
increases monotonously for small kxa and a fluctuation pattern is observed for large274
kxa. A clear trend of decreasing wave force on the interior cylinder as the incident275
wave become more short-crested is observed in the figure.276
[Fig. 8 about here.]277
Fig. 9(a) shows that the wave forces on the exterior cylinder |Pb| resulted from278
short-crested waves (kxb = 1) are normally lower than that from the plane incident279
wave for large annular spacing (or small a/b). Maximum wave forces appear to280
occur at the largest annular spacing (a/b = 0) for all wave conditions, correspond-281
ing to the case of a single hollow cylinder. It is seen that a trough of zero value282
emerges for higher ky/kx while the result from a plane incident wave only has one283
trough occurring at a/b = 1, corresponding to the minimum spacing. However, the284
variations, shown in Fig. 9(b) of the nondimensional total horizontal forces on the285
exterior cylinder |Pb| for kxb = 2 are quite different for different ky/kx values and286
the maximum wave forces are seen to occur near the ratio of a/b = 0.5. In con-287
trast to the case of kxb = 1, wave forces resulting from the hollow porous cylinder288
do not reach its maximum, and tend to increase with increasing short-crestedness289
of the incident waves. Therefore, wave forces resulting from a concentric cylinder290
system are not only dependent on the configuration but also on the incident wave291
conditions. Further study into the identification of the occurrence of the minimum292
and maximum wave forces could lead to significant improvement for engineering293
design to minimise the hydrodynamic loads on real marine structures.294
[Fig. 9 about here.]295
20
3.3 Influence of wave parameters296
The variation of the nondimensional total horizontal forces |P | on the interior and297
exterior cylinders vs. ky/kx for different kxa values (kxa varies from 0.05 to 1.0 ) ,298
b/a = 4 is shown in Figs. 10 and 11. The results are calculated for the porous effect299
parameter of the exterior cylinderG0 = 1. As can be seen in Fig. 10, wave forces on300
the interior cylinder decreases sharply with the increasing short-crestedness (ky/kx)301
for the two large kxa values accompanied with significant fluctuation. However,302
at low kxa, wave forces remain relative small and less dependent on the short-303
crestedness of the incident waves. Fig. 11 shows the variation of the nondimen-304
sional wave force on the exterior porous cylinder on the short-crestedness of the305
incident waves. It is clear seen that, in addition to the general trend of decreasing306
wave force with increasing short-crestedness, there are troughs for all kxa values307
plotted indicating extremely low wave forces on the exterior cylinder. It is inter-308
esting to note that, for a given kxa, while the wave force on the interior cylinder309
reaches a peak, the exact same short-crestedness of the incident wave leads to the310
minimum wave force on the exterior cylinder (trough), and vice versa. However,311
the short-crestedness corresponding to the minimum wave force on the interior312
cylinder does not appear to be the same at which the force on the exterior cylinder313
reaches a peak. This variation of maximum wave forces on the interior and exterior314
cylinders provides an effective means of minimising wave loads on both cylinders.315
This important characteristic in the forces can be effectively applied in a design to316
reduce the wave impact on coastal and offshore porous structures.317
[Fig. 10 about here.]318
[Fig. 11 about here.]319
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3.4 Surface elevation320
It is interesting to study the changes in the wave surface elevation in the annular re-321
gion of the concentric porous cylindrical structure for varying incident wave param-322
eters and structure configuration. Fig. 12 shows the resulting wave amplitude and323
corresponding phase contours resulting from plane, short-crested, and standing in-324
cident waves interaction with the structure for configuration parameters: G0 = 1.0,325
k = 1 m−1, a = 1 m and b/a = 4. The amplitudes shown in Figs. 12 and 13326
are nondimensionalised as |η|/A, and the phase values plotted are in the range of327
[−pi ∼ +pi].328
It is clear that the diffracted wave patterns of short-crested waves are more complex329
than those of plane waves. As one will expect, all the equi-amplitude plots are sym-330
metric with respect to the longitudinal (x) axis leading to zero force in transverse331
(y) direction. Moreover, the diffracted wave pattern resulting from a standing wave332
shown in Fig. 12 is symmetric in both x and y planes, generating zero horizontal333
force in both longitudinal and transverse directions. From Fig. 12, it is seen that the334
amplitude of the diffracted short-waves in the weather region is smaller than that335
of a plane wave, and the region for the large amplitude waves in front of the inte-336
rior cylinder resulting from short-crested waves is also smaller than its plane wave337
counterpart. Such tendencies are more pronounced as the incident waves become338
more short-crested.339
The thick lines in phase contours represent changes from pi to−pi. The amphidromic340
points, where equi-phase lines converge and the wave amplitude vanishes, are seen341
clearly formed for short-crested incident waves. Similar to the feature observed by342
Zhu [15] for short-crested wave diffraction by a single impermeable cylinder, the343
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phases near two adjacent amphidromic points rotate from −pi to +pi clockwise and344
counter-clockwise around the amphidromic points respectively in the annular re-345
gion. The density of the amphidromic points increases as the wave crests become346
shorter. As one would expect for the standing incident wave component, the ampli-347
tude and phase contours maintain symmetry in the x- and y-plane. The amplitudes348
in the transverse directions are small compared to their inline values, with a faster349
variation in the corresponding phase contours.350
[Fig. 12 about here.]351
Fig. 13 shows the short-crested wave amplitude and phase contours resulting from352
different annular spacing for G0 = 1.0, kx = ky =
√
2/2 m−1, and a = 1 m. As353
can be seen in Fig. 13, there is no clear trend on the wave pattern on the annular354
spacing. The symmetry to the x axis of both amplitude and phase contour patterns355
are preserved. As the annular spacing increases, the wave patterns in the annular356
region becomes more complex, with increases in density of the both amplitude and357
phase contours. This is main due to more physical space for the waves transmitted358
into the annular region to develop. On the other hand, however, in the smallest359
annular region shown in Fig. 13 (b/a = 2), the amphidromic points can no longer360
form due to the small confined area.361
[Fig. 13 about here.]362
It is worth to note that the analytical derivation and results presented in this paper363
are limited to linear short-crested waves. Since short-crested waves commonly arise364
from the oblique interaction of two travelling plane waves, hence linear solutions365
for short-crested waves are also achievable by linear superposition from the plane366
wave case. However, as a first step of completely solving the short-crested wave367
interaction with the complex concentric porous cylinder system, the methodology368
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and theoretical approach presented in the paper is a crucial step and will lead to the369
further extension to solve the nonlinear short-crested wave diffraction problem.370
4 Conclusions371
A general 3D short-crested wave interaction with a concentric porous cylinder sys-372
tem is solved. Based on potential theory, fully analytical solution is obtained. It is373
found that the porous-effect parameter should be chosen less than 2 in order to pro-374
vide meaningful protection to the interior cylinder from wave impact as the wave375
force on the interior cylinder increases sharply from G0 = 0 to 2. On the other376
hand, the wave forces on the interior cylinder can be significantly reduced by re-377
ducing the annular spacing between the two cylinders. Identification of the peaks378
and troughs of the wave forces are presented in order to minimise the wave impact379
on the cylinders, especially on the interior cylinder. These findings can directly lead380
to significant improvement in practical design of marine structures. Results on sur-381
face elevations in the annular region should also be found useful in the design of382
coastal and offshore structures.383
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Fig. 1. Ekofisk Gravity Structure (Courtesy ConocoPhillps).
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